Introduction
============

Prolonged exposure to anesthetics, in neonatal rodents and nonhuman primates, triggers widespread apoptotic neural death in the brain, and consequent long-term cognitive impairment. \[[@B1][@B2][@B3][@B4][@B5]\] Although the mechanisms mediating the neurotoxicity of anesthetics in the neurodevelopmental stage are essentially unknown, recent studies have shown that neurodegeneration induced by anesthetics is a complex process involving organellar dysfunction \[[@B6]\], reduced expression of brain-derived neurotrophic factor \[[@B7]\], activation of death-inducing signaling pathways \[[@B8]\] and neuroinflammation \[[@B9][@B10]\]. Sevoflurane, commonly used in obstetric and pediatric anesthesia, has been reported to induce neuronal apoptosis, and long-term cognitive impairment, in neonatal rodents \[[@B11]\]. Although little is known about the neurotoxic effects of sevoflurane exposure, several studies have demonstrated that sevoflurane-induced neurotoxicity during the developmental stage can be prevented by certain therapeutic strategies \[[@B12][@B13][@B14][@B15]\].

Recent studies have highlighted the potential utility of bone marrow stromal cells (BMSCs) in protecting against central nervous system injury \[[@B16][@B17][@B18]\]. BMSCs are capable of diverging into various mesenchymal lineages, including osteoblasts, chondroblasts, adipocytes, myocytes and fibroblasts, as well as non-mesenchymal lineages, including neuronal and glial cells. BMSCs also have the capacity to pass through the blood-brain barrier \[[@B19]\]. Intravenously administered BMSCs can migrate to the brain and secrete various cytokines and growth factors that have immunomodulatory, angiogenic, anti-inflammatory and anti-apoptotic effects, which can help alleviate brain damage \[[@B20]\]. These properties suggest that BMSCs may have therapeutic potential for sevoflurane neurotoxicity. In this study, we investigated whether intravenously administered BMSCs, following sevoflurane induction, had the capacity to alleviate sevofluraneinduced apoptosis in neonatal rats.

Materials and Methods
=====================

All experiments were approved by the Animal Care and Use Committee of Tokyo Medical and Dental University. Every effort was made to minimize the number of animals used.

BMSC isolation, culture and intravenous administration
------------------------------------------------------

BMSCs were isolated according to the Caplan method \[[@B21]\]. Briefly, following deep anesthesia and euthanization of adult male Sprague-Dawley rats (weight = 180 g), femurs and tibias were extracted bilaterally, and distal epiphyses were removed. A 22-G needle was inserted into the proximal end of the bone, and marrow was flushed into sterile cryotubes and stored on ice. The entire bone marrow suspension was cultured in 10-cm culture dishes. The cells were then cultured in Dulbecco\'s modified Eagle\'s medium, containing 10% fetal bovine serum and antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin and 10 µg/ml gentamicin). After 3 days, tightly adhered cells were trypsinized, resuspended with fresh medium and transferred to new culture dishes. Cells were grown to confluence and used at passages 3-10. For intravenous administration, BMSCs were harvested and resuspended in phosphate-buffered saline (PBS) at 1 × 10^7^ cells/ml. The cells were placed on ice prior to intravenous administration. Fifty microliters of BMSCs were injected via the jugular vein, using a 29-G 1/2\" sterilized insulin syringe, within 30 min of induction of sevoflurane anesthesia. An identical volume of PBS was injected in the vehicle group.

Anesthesia
----------

We followed a slightly modified version of Satomoto et al. \[[@B11]\]\'s protocol for sevoflurane anesthesia. Briefly, postnatal day 7 Sprague-Dawley rat pups (body weight approximately 14 g) were placed in a humid chamber (250 × 250 × 300 mm) with a warm mat heated to 38 ± 1℃. Two percentage sevoflurane was delivered using a calibrated flowmeter (Shinano, Tokyo, Japan). The total gas flow was 1 L/min, with 40% O~2~ used as the carrier gas. The rat pups were divided into three groups: pups exposed to sevoflurane for 6 h, with vehicle administration (vehicle group, n = 7); pups exposed to sevoflurane for 6 h, with BMSCs administration (BMSCs group, n = 7); and pups exposed to carrier gas only (i.e., without sevoflurane) for 6 h (mock anesthesia group, n = 4). This latter group represented a negative control.

Preparation of protein extracts
-------------------------------

Immediately following the 6 h period of sevoflurane or mock anesthesia, brains were removed and homogenized in 100 µl homogenization buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM Na~4~P~2~O~7~, and a protease inhibitor cocktail. Following centrifugation at 14,000 rpm, for 30 min at 4℃, the supernatant was removed and stored at -80℃ until use. The amount of protein in each sample was measured using a protein kit (BCA; Pierce, Rockford, IL, USA).

Western blot analysis
---------------------

The protein homogenates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred onto polyvinylidene difluoride membranes. The blots were immunoreacted with anti-cleaved caspase-3 antiserum (Cell Signaling Technology, Beverly, MA, USA) or anti-IL-6 antibody (Abcam, Tokyo, Japan). β-Actin (Sigma-Aldrich, St. Louis, MO, USA) was used as a loading control. The protein bands were visualized using a chemiluminescence detection system (Super-Signal West Pico; Pierce).

Histopathological evaluation
----------------------------

The rat pups were transcardially perfused with 0.1 M PBS containing 4% paraformaldehyde (PFA), and the brain tissues were removed and immersed in 4% PFA in PBS, for overnight post-fixation at 4℃. The samples were histologically analyzed as described previously \[[@B11]\]. Briefly, the brain tissues were paraffin-embedded and cut into 5-µm-thick sections. The sections were dewaxed, hydrated and subjected to antigen retrieval by autoclaving. Endogenous peroxidase activity and nonspecific staining were then blocked, and the sections were incubated with anti-cleaved caspase-3 antiserum (Cell Signaling Technology), diluted 1 : 300 in antibody diluent (Dako, Glostrup, Denmark) overnight in a humidified chamber at 4℃. Subsequently, the sections were incubated with peroxidase-conjugated secondary antibody (EnVision+ system; Dako), and then reacted with 3,3\'-diaminobenzidine (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer\'s instructions. Finally, the sections were counterstained with hematoxylin.

Statistical analysis
--------------------

Statistical analysis was performed using the Excel statistical software package (Excel-statistics 2010; Social Survey Research Information Co., Ltd., Tokyo, Japan). One-way analysis of variance followed by Newman-Keuls *post hoc* test was used for comparisons of data among groups. P value of \< 0.05 was considered statistically significant. Values of P \< 0.05 were considered to indicate statistical significance. Values are presented as means ± SD.

Results
=======

Immediately following the 6 h period of exposure to sevoflurane, the BMSC and vehicle treatment groups were assessed for proinflammatory cytokine IL-6, and activated (cleaved) caspase-3 levels, by western blotting. Analysis of the cleaved caspase-3 bands revealed that levels of activated caspase-3 were elevated in the vehicle group compared with the mock anesthesia group (P \< 0.05), indicating that a single exposure to sevoflurane at subclinical concentrations can induce neuronal apoptosis. BMSC treatment did not suppress apoptosis induced by sevoflurane exposure (compared with the vehicle group, P \< 0.05) ([Fig. 1A](#F1){ref-type="fig"}). The vehicle group had higher proinflammatory cytokine IL-6 protein levels compared with the mock anesthesia group (P \< 0.05), indicating that sevoflurane exposure induces IL-6 expression. BMSC treatment suppressed this sevoflurane-induced increase in IL-6 expression, indicating that these cells can inhibit neuroinflammation induced by sevoflurane exposure (vehicle group vs. BMSC group, P \< 0.05) ([Fig. 1B](#F1){ref-type="fig"}). Immunostaining for cleaved caspase-3 confirmed that there was no significant difference in cleaved caspase-3 levels between the BMSC and vehicle groups ([Fig. 2](#F2){ref-type="fig"}). The number of caspase-3-positive cells was not significantly reduced by BMSC treatment.

Discussion
==========

In this study, for the first time, we examined the therapeutic potential of intravenous administration of BMSCs, for amelioration of sevoflurane-induced neurotoxicity, in the developing brain. We found that the administration of BMSCs reduced expression of the proinflammatory cytokine IL-6, while not affecting caspase-3 activation, following a 6 h period of sevoflurane exposure. The brain is highly susceptible to injury during the developmental period of rapid brain growth, including injury caused by sevoflurane exposure \[[@B9][@B10][@B11]\]. Recent studies have shown that anesthesia with 3% sevoflurane, for 2 h daily for 3 d in neonatal mice, induces neuroinflammation and cognitive impairment in adulthood \[[@B9]\], and further that anesthesia with 2% sevoflurane, for 2 h in pregnant mice at gestational day 14, increases IL-6 levels and induces caspase-3 activation in the brain tissue of fetal mice \[[@B10]\].

To achieve zero mortality in the rat pups in this study, we determined that the optimal concentration of sevoflurane exposure was 2%, which is lower than that used in the studies mentioned above. We demonstrated that a single exposure to sevoflurane, at a subclinical concentration, induces neuroinflammation and neuronal apoptosis, which is consistent with recent studies \[[@B9][@B10][@B11][@B13]\]. Although hypoxemia, hypercapnia and hypoglycemia can potentially contribute to neuronal apoptosis during sevoflurane exposure, we did not perform blood gas or cerebral blood flow analysis, because numerous recent studies have shown that sevoflurane exposure does not impact these parameters \[[@B1][@B2][@B3][@B11]\].

It has been reported that apoptosis precipitated by sevoflurane exposure in the developing brain is the main cause of cognitive impairment in adulthood. The majority of studies on sevoflurane-induced neurotoxicity during brain development have examined the effect of treatment strategies for apoptosis, followed by behavioral studies in adulthood \[[@B10][@B13][@B15]\]. In the present study, we did not perform behavioral analysis to assess the therapeutic benefits of BMSC treatment, because there was no significant reduction in cleaved caspase-3 levels in the BMSC treatment group compared with the vehicle treatment group.

In recent years stem cell administration has been shown to possess substantial therapeutic potential, particularly in studies of neuroregeneration \[[@B17][@B18][@B19]\]. Recent research has shown that BMSCs can alleviate neurological deficits, and promote recovery of the central nervous system, in Parkinson\'s disease, brain trauma, spinal cord injury and multiple sclerosis \[[@B16][@B22][@B23]\]. BMSCs can pass through the blood-brain barrier, migrate to the brain and participate in neurogenesis and synaptic plasticity, resulting in functional recovery following brain damage \[[@B19]\]. During cerebral infarction, BMSCs acquire neural phenotypes and are able to produce neurotrophic factors and inhibit apoptosis \[[@B18]\].

We performed several pilot studies to determine the ideal dose of BMSCs. We found that a high dose of BMSCs (50 µl of 2 × 10^7^ cells/ml) resulted in high mortality due to pulmonary infarction. As a result, we selected a smaller dose (50 µl of 1 × 10^7^ cells/ml) \[[@B18]\]. Komatsu et al. \[[@B24]\] reported that brain regeneration occurs over a time course of days to weeks following brain damage. In the present study, we evaluated the therapeutic effects of BMSC administration only immediately following sevoflurane anesthesia. In future studies, we will examine the therapeutic effects of these cells over a more extended time frame.

In summary, we investigated, for the first time, the therapeutic potential of BMSCs for sevoflurane neurotoxicity in the neonatal period. Intravenous administration of BMSCs reduced proinflammatory cytokine IL-6 expression, but failed to attenuate apoptosis induced by sevoflurane exposure.
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![Membrane fractions were assessed for expression of IL-6 and cleaved caspase-3 in the BMSC and vehicle treatment groups, immediately subsequent to the 6 h period of sevoflurane exposure, by western blot analysis. The bars graphically represent the quantification of western blots normalized to β-actin content. (A) Following sevoflurane exposure, cleaved caspase-3 levels were increased in the vehicle group compared with the mock anesthesia group (P \< 0.05), while there was no statistically significant difference between the BMSC and vehicle groups (P = 0.063). (B) Proinflammatory cytokine IL-6 expression was elevated in the vehicle group following sevoflurane exposure compared with the mock anesthesia group (P \< 0.05). BMSC treatment reduced IL-6 expression following sevoflurane exposure compared with the vehicle group (P \< 0.05). ^\*^P \< 0.05; n = 7 animals in the vehicle and BMSC groups; n = 4 animals in the mock anesthesia group. BMSC: bone marrow stromal cell, NA (no anesthesia): mock anesthesia group.](kjae-68-397-g001){#F1}

![Immunohistochemistry for activated caspase-3 following 6 h of sevoflurane exposure. Immunohistochemistry was performed on coronal sections (bregma -1.94 mm) as described in Zhou et al. \[[@B25]\]. Black arrows represent caspase-3-positive cells, indicating apoptosis. (A) Activated caspase-3 in the retrosplenial cortex of the mock anesthesia group. (B) Activated caspase-3 in the retrosplenial cortex of the vehicle group. (C) Activated caspase-3 in the retrosplenial cortex of the BMSC treatment group. Scale bars: 100 µm; ×10 magnification, BMSC: bone marrow stromal cell.](kjae-68-397-g002){#F2}
